Abstract Extracellular glucoamylase of Colletotrichum sp. KCP1 produced through solid state fermentation was purified by two steps purification process comprising ammonium sulphate precipitation followed by gel permeation chromatography (GPC). The Recovery of glucoamylase after GPC was 50.40 % with 19.3-fold increase in specific activity. The molecular weight of enzyme was found to be 162.18 kDa by native-PAGE and was dimeric protein of two sub-units with molecular weight of 94.62 and 67.60 kDa as determined by SDS-PAGE. Activation energy for starch hydrolysis was 26.45 kJ mol -1 while temperature quotient (Q 10 ) was found to be 1.9. The enzyme was found to be stable over wide pH range and thermally stable at 40-50°C up to 120 min while exhibited maximum activity at 50°C with pH 5.0. The pKa 1 and pKa 2 of ionisable groups of active site controlling V max were 3.5 and 6.8, respectively. V max , K m and K cat for starch hydrolysis were found to be 58.82 U ml -1 , 1.17 mg (starch) ml -1 and 449 s -1 , respectively. Activation energy for irreversible inactivation (E a(d) ) of glucoamylase was 74.85 kJ mol -1 . Thermodynamic parameters of irreversible inactivation of glucoamylase and starch hydrolysis were also determined.
Introduction
Glucoamylases (1,4-D-glucan glucanohydrolase; EC 3.2.1.3), also referred to as amyloglucosidases, are exo-acting amylases releasing glucose from non-reducing end of starch and related oligosaccharides. Glucoamylase is second to proteases in worldwide distribution and sales among industrial enzymes. Glucoamylases are widely distributed among many species of animals, plants and microorganisms [1] . Among microbes bacteria, yeast and fungi are capable of producing these enzymes. Filamentous fungi however constitute major source among all microorganisms. Microbial strains of genus Aspergillus and Rhizopus are mainly used for commercial production of glucoamylase [2] . The preferences for glucoamylase from these sources in starch processing industries are due to their good thermostability and high activity at neutral pH [2, 3] . This enzyme is generally regarded as safe (GRAS) by the Food and Drug Administration (FDA), USA.
The primary commercial application of glucoamylase is for production of glucose syrup from starch. This syrup can be used for fermentation, production of crystalline glucose, or as starting material for fructose syrup [4, 5] . Moreover, the enzyme is extensively used in brewing, textile, food, paper and pharmaceutical industries [5] .
Each industrial application demands enzymes with specific kinetic properties, making it important to exploit new microbial sources of enzyme. The operating range of glucoamylase from various microbial sources, in terms of pH, temperature and compatibility with other enzymes, must be investigated to exploit its efficiency of action in variety of food processing operations. Industrial enzymatic hydrolysis of starch is not only influenced by variables related to chemical and physical nature of starch and its suspensions but also by those variables associated with catalytic process (pH, temperature, enzyme/substrate ratio or enzymatic deactivation and inhibition phenomenon) [6] . Studies on the thermodynamic stability of enzymes have provided some essential insights into factors that determine enzyme stability. Thermodynamic data for an enzyme and its catalysed reaction are essential in prediction of the extent of reaction and the position of any process in which these reaction were occur. Enzyme thermostability encompasses thermodynamic and kinetic stabilities [7] .
Present work reports purification and characterization of glucoamylase from Colletotrichum sp. KCP1 with respect to its ability to convert soluble starch into glucose as it is new isolate and there are no reports on characterization of glucoamylase produced by Colletotrichum spp. Thermodynamic parameters are investigated for soluble starch hydrolysis and irreversible inactivation of this enzyme. Investigations on kinetic and thermostable properties of glucoamylase from Colletotrichum sp. KCP1 will help to determine suitability of this enzyme for further application.
Materials and Methods

Fungal Strain and Enzyme Production
A fungal isolate from soil identified as Colletotrichum sp. KCP1 using 18S rDNA partial genome sequencing and studied previously for optimization of glucoamylase production under solid state fermentation [8] has been used in the present investigation. Previously optimized medium having starch concentration 1.5 g, whey 0.1 ml and casein acid hydrolysate 0.1 g, per 5 g of wheat bran was used for production of glucoamylase under SSF. Production flasks were inoculated with 3 agar plugs of 8 mm diameter from 7 days old Czapek Dox agar plate and incubated at 30°C for 5 days. Subsequently the enzyme was extracted with 50 ml of 0.05 M sodium acetate buffer (pH 5.0) on rotary shaker at 150 rpm for 30 min at 25°C. The content was filtered through muslin cloth, centrifuged at 8,000 rpm for 15 min and clear supernatant was used for determining glucoamylase activity expressed as U gds -1 (Units gram -1 dry substrate) and liberated reducing sugars (glucose equivalents) were estimated by dinitrosalicylic acid (DNS) method [9] . One unit of glucoamylase is defined as the amount of enzyme releasing 1 lmol of glucose equivalent per minute under the assay conditions.
Purification of Glucoamylase
The crude enzyme was subjected to two steps purification process comprising fractional precipitation by ammonium sulphate followed by the gel permeation chromatography. The crude enzyme was precipitated to 70 % saturation at 4°C with ammonium sulphate and left overnight at 4°C.
The precipitated enzyme was collected by centrifugation, dissolved in 0.05 M sodium acetate buffer (pH 5.5) and dialysed against the same buffer up to 24 h with three changes of equal intervals. For column chromatography 2 mg of ammonium sulphate concentrated protein after dialysis was applied to 23 9 1 cm column containing Sephadex G-100 equilibrated with 0.05 M sodium acetate buffer (pH 5.5). Protein was eluted by applying same buffer and fractions of 1 ml each were collected at flow rate of 0.75 ml min -1 . These fractions were checked for protein concentration at 280 nm and glucoamylase activity [1] .
Characterization of Glucoamylase
Polyacrylamide Gel Electrophoresis
The purity of enzyme and its molecular mass was determined by native-polyacrylamide gel electrophoresis (native-PAGE) and sodium dodecyl sulphate polyacylamide gel electrophoresis (SDS-PAGE), respectively, using Laemmli system [10] . Gel was stained with the silver staining and standard proteins with molecular weight ranging from 14.3 to 205 kDa were used for SDS PAGE calibration, while catalase (240 kDa), bovine albumin (67 kDa), egg albumin (43 kDa), trypsin soybean inhibitor (20.1 kDa) and lactoglobulin (18.4 kDa) were used for native-PAGE calibration. Calibration graph was obtained by plotting logarithum of molecular weight versus migration distance which yield linear relationship. Total Lab Quant software was used for confirmation of molecular weight. Activity staining was performed by incubating gel in sodium acetate buffer (pH 5.5) containing 2 % starch for 30 min at 50°C and visualized with 0.1 % I 2 ? 1.5 % KI solution.
Optimum Temperature, Activation Energy and Temperature Quotient (Q 10 )
Glucoamylase was assayed at different temperatures ranging from 30 to 70°C and activation energy (E a ) was determined by applying Arrhenius plot. The effect of temperature on rate of reaction was expressed in terms of Q 10 which is the factor by which rate increases due to rise in temperature by 10°C [11] .
Effect of pH on Enzyme Activity and Stability
The optimum pH was determined by measuring activity at 55°C using various buffers: sodium acetate (pH 4-5), sodium phosphate (pH 6-8) and glycine-NaOH (pH 9.0) while stability was tested after 48 h at 4°C and residual activity was determined. Dixon plot was applied to determine pKa of ionizable groups of active site residues [11] .
Kinetics and Thermodynamics of Starch Hydrolysis
The kinetic constants (V max , K m , K cat and K cat /K m ) were determined by Michaelis-Menten kinetics. The thermodynamic parameters for substrate hydrolysis were calculated by rearranging Eyring's absolute rate equation derived from transition state theory [12] .
where k b Boltzmann's constant (R/N) 1.38 9 10 -23 J K -1 , T absolute temperature (K), h Planck's constant 6.626 9 10 -34 J s, N Avogadro's number 6.02 9 10 23 mol -1 , R gas constant 8.314 J K -1 mol -1 , DH* enthalpy of activation, DS* entropy of activation.
Thermal Inactivation and Thermodynamics of Enzyme Activity
Isothermal inactivation treatment was performed in water bath at temperatures ranging from 40 to 70°C at pH 5.5, using 0.05 M sodium acetate buffer. Enzyme inactivation often follows first-order kinetics [13] .
Where k d is inactivation rate constant; A o and A are initial enzyme activity and remaining activity after heating for time t, respectively. The deactivation energy (E a(d) ) was determined based on Arrhenius equation.
It is common to express first-order reactions in terms of D values and z value. Decimal reduction time, is defined as the time needed for reduction of 90 % of initial activity while z value represents the increase of temperature required to reduce 90 % of decimal reduction time [12, 13] .
where T and T ref are temperature of treatment and reference temperature (both in°C), respectively, D and D ref are decimal reduction time at temperature of treatment and at reference temperature, respectively. Thermodynamics of irreversible inactivation of glucoamylase was determined by rearranging the Eyring's absolute rate equation. [12] .
All experiments in the present investigation were performed in replicates of three (n = 3) and data represented as average values ± standard deviation.
Results and Discussion
Purification of Glucoamylase
The extracellular glucoamylase was purified using two steps purification process, ammonium sulphate precipitation and column chromatography ( [15] . In the present study, after purification the purified protein showed a single band on native-PAGE with amylolytic activity on solubilised starch-PAGE (Fig. 1a) . Two bands were observed when purified protein was subjected to SDS-PAGE (Fig. 1b) . The molecular masses of subunits estimated from relative mobility of the standard proteins on SDS-PAGE were 94.62 and 67.60 kDa, respectively. The protein band on native-PAGE showed molecular weight of 162.18 kDa when compared with molecular weight standards. The presence of one activity band on native-PAGE with two subunit bands on SDS-PAGE has been reported by Koc and Metin [16] and Marlida et al. [5] .
Determination of Temperature Optima, Activation Energy and Temperature Quotient (Q 10 ) of the Glucoamylase Optimum temperature of purified glucoamylase for hydrolysis of starch was found to be 50°C which showed good similarity with other reported enzymes [14, 17] . Many glucoamylases function at thermophilic temperatures, usually 50-60°C. The enzymes from Aspergillus niger, Aspergillus awamori var. kawachi and Arthrobotrys amerospora were optimally active at 50, 60 and 55°C, respectively [18, 19] . Figure 2 shows that the activity increased until 55°C, decreasing for temperatures above this value indicating inactivation of enzyme at higher temperature. The activation energy of glucoamylase was found to be 26.45 kJ mol -1 (Fig. 3) which is significantly lower than other reported amylases [20, 21] . Temperature quotient for enzyme was found to be 1.9, which is comparatively higher than that of Humicola sp.; 1.0 [14] and Thermomucor indicae-sedudaticae; 1.35 [22] .
Effect of pH on Enzyme Activity and Stability
The hydrolysis of soluble starch by purified glucoamylase at various pH (4-9) at 50°C was determined. The enzyme exhibited high activity in range of 4.5-6.5 with optimum activity at pH 5.0 (Fig. 4 a) which showed good similarity with glucoamylase form Acremonium sp. [5] . Most of fungal glucoamylases have pH optima in range of 4-6 [5, 23] . The pKa 1 and pKa 2 values of acidic and basic limbs of the active site residues determined by the Dixon plot were 3.5 and 6.8, respectively. The purified enzyme was stable and retained more than 80 % residual activity in pH range from 4 to 8 after 48 h while 57.89 % residual activity was observed at pH 9 (Fig. 4b) . The glucoamylase showed high stability over wide pH range for relatively long time indicates its suitability for industrial purpose [3, 16] .
Kinetics and Thermodynamics of Starch Hydrolysis
The K m and V max values of glucoamylase determined through Lineweaver-Burk plot for hydrolysis of soluble starch at 55°C were 1.17 mg ml -1 and 58.82 U ml -1 , respectively (Fig. 5) , where as K cat value was 449 s -1 . The efficiency constant (K cat /K m ) was 383.76, indicating high catalytic power of enzyme. The K m values of 1.9, 3.5 and 10 mg ml -1 for starch have been reported for glucoamylases from F. solani [1] , A. niger [24] and Acremonium sp. [5] . A comparison with above results shows that glucoamylase from Colletotrichum sp. has approximately 1.7, 3.1 and 9-fold lower K m values, respectively which indicates higher affinity of enzyme towards starch. The efficiency constant of glucoamylase was found to be about 1.4 and 2.8 times higher than other reported glucoamylase [1, 14] which confirm higher affinity of enzyme towards starch hydrolysis. The enthalpy of activation (DH*), Gibbs free energy (DG*) and entropy of activation (DS*) for starch hydrolysis by glucoamylase were calculated as 23.973, 57.851 and -113.68 J mol -1 , respectively. The DH*, DG* and DS* for starch hydrolysis by glucoamylase from Arachniotus citrinus and Humicola sp. previously reported were 35.64 and 18.36 kJ mol -1 , 75 and 69.06 kJ mol -1 , -124 and -154.56 J mol -1 , respectively [14, 23] . The lower enthalpy (DH*) value of glucoamylase showed that the formation of transition state or activated complex between enzyme-substrate was more efficient. Moreover, lower DG* value suggested that the conversion of its transition complex into products was more spontaneous than that of A. citrinus and Humicola sp. The feasibility and extent of a chemical reaction is best determined by measuring change in Gibbs free energy (DG*) for substrate hydrolysis, i.e. the conversion of ES complex into products. The lower is the free energy change the more feasible is the reaction, i.e. the conversion of the reactant to product will be spontaneous. The entropy was slightly lower, which explained that the transition complex had lesser disorder. The free energy for activation of substrate binding (DG* E-S ) and formation of activation complex (DG* E-T ) were 0.388 and -14.741 kJ mol -1 , respectively. This again confirmed high affinity of enzyme towards starch for hydrolysis and its spontaneous conversion into glucose.
Thermostability and Thermodynamics of the Glucoamylase
The pseudo-first-order plot is shown in Fig. 6 for irreversible thermal denaturation of glucoamylase. The enzyme was thermally stable at 40 and 50°C and showed[95 % residual activity after 120 min of incubation period. However, at 60°C, 63 % of residual activity was observed after 30 min of incubation period while above this temperature rapid loss in enzyme activity was observed and displayed half life of 44 min at 70°C. There was an average reduction of around 14 % in enzyme activity after 120 h of incubation at temperature above 50°C, while total loss of activity was observed after 120 min of incubation at 60 and 70°C. Many fungal glucoamylases have been reported to be stable at considerably higher temperature for short time periods while glucoamylase produced by Lactobacillus amylovorus was thermolabile and its activity decreased after 10 min exposure at 60°C [25] . The glucoamylase from F. solani was thermally unstable at 60°C and displayed half life of about 26 min [1] . The inactivation constant increases with the temperature, indicating that high temperatures increase the rate of inactivation. Moreover, decimal reduction time decreases with increasing temperature, as expected ( Table 2 ). The enzyme showed good stability at low temperatures (30-50°C), presenting D value higher than 1,000 min and did not show much difference between D values in these temperatures. However, for temperatures higher than 50°C, enzyme was found to be less stable, since D values were found to be lower. Deactivation energy E a(d) for glucoamylase calculated using an Arrhenius plot (Fig. 7 ) was found to be 74.85 kJ mol -1 , which was considerably lower than other reported enzymes [13] . The glucoamylase presented z value of 6.19, which indicates that to reduce 90 % of decimal reduction time, it is necessary to increase temperature by 6.19°C [26] .
The DH*, DG* and DS* of irreversible thermal inactivation of glucoamylase were equal to 72.25, 70.69 and 5 9 10 -3 kJ mol -1
, respectively ( Table 2) . Out of which DH* and DG* were decreased to 72.091 and 70.532 kJ mol -1 , respectively at 50°C, while DS* increased to 5.2 9 10
. An increase in temperature leads to decrease in free energy while there was slight increase in entropy, but increase or decrease in entropy was not significant. It is observed that low entropy values are unique in biological system. Solvent and structural effects are the two major factors which influence the numerical values of DH* and DS*. The possible reason for low entropy is compaction of the enzyme molecule and such changes can arise from the formation of charged particles around the enzyme molecule and the ordering of solvent molecule.
The lower values of K m and DG* of the glucoamylase from Colletotrichum sp. indicates its higher affinity to catalyze soluble starch hydrolysis while lower (E a ) activation energy leads to its higher reactivity. Kinetic and thermodynamic parameters of the enzyme suggested that it may be used commercially for the production of glucose in starch processing industry and will help to determine the suitability of this enzyme for application in food processing industries. Present information has novelty as it depict for the first time kinetics and thermodynamics of soluble starch hydrolysis and irreversible inactivation of glucoamylase from Colletotrichum sp. Fig. 7 Determination of the deactivation energy based on Arrhenius plots
